Localized electron spins can couple magnetically via the Ruderman-KittelKasuya-Yosida interaction even if their wave functions lack direct overlap. Theory predicts that spin-orbit scattering leads to a Dzyaloshinskii-Moriya type enhancement of this indirect exchange interaction, giving rise to chiral exchange terms. Here we present a combined spin-polarized scanning tunneling microscopy, angle-resolved photoemission, and density functional theory study of MnO 2 chains on Ir(100). Whereas we find antiferromagnetic Mn-Mn coupling along the chain, the inter-chain coupling across the non-magnetic Ir substrate turns out to be chiral with a 120
• rotation between adjacent MnO 2 chains. Calculations reveal that the Dzyaloshinskii-Moriya interaction results in spin spirals with a periodicity in agreement with experiment. Our findings confirm the existence of indirect chiral magnetic exchange, potentially giving rise to exotic phenomena, such as chiral spin-liquid states in spin ice systems or the emergence of new quasiparticles.
The concept of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction 1,2 has successfully been applied to explain the magnetic properties of numerous indirectly coupled material systems which cannot be properly described by direct Heisenberg exchange. Prominent examples are the rare-earth metals with their partially filled but highly localized 4f shell 3, 4 or magnetic multilayers separated by non-magnetic metallic spacers. Since spin-orbit-related effects play no significant role in conventional RKKY, practical realizations are largely limited to collinear coupling terms, where-depending on spacer thickness and Fermi wave length-the relative magnetic orientation is either parallel or antiparallel 5 . Nevertheless, the giant magneto-resistance effect of layered magnetic materials is widely used in spin valve applications for field sensors or magnetic read heads 6 .
Theory predicts that spin-orbit scattering leads to a Dzyaloshinskii-Moriya 7,8 type enhancement of the RKKY interaction 9,10 , or DME-RKKY in short, giving rise to chiral exchange terms. First evidence of indirect chiral magnetic exchange in layered structures was obtained from magnetic field-dependent neutron diffraction studies Dy/Y superlattices 11, 12 .
Further experimental evidence of DME-RKKY is essentially limited to non-collinear spin structures observed in surface-deposited clusters [13] [14] [15] [16] We recall here that the ARPES measurements of Fig. 1e average over both directions parallel and perpendicular to the chains, as a consequence of the domain structure of the system (Fig. 1a) . The inter-chain coupling which results in a 9× magnetic unit cell (see below) is expected to be much weaker than the direct intra-chain AFM coupling and does not give rise to dispersive features in the ARPES data.
Spin-polarized scanning tunneling microscopy. level achievable in our setup the corrugation amplitude of (1.9 ± 0.1) pm remains constant.
As we will describe in the following, our spin-polarized STM experiments exhibit some additional contrasts which allow to elucidate the spin structure of the MnO 2 chains on Ir(001). Fig. 2b shows an SP-STM image scanned with an in-plane sensitive Cr-coated W Modeling the magnetic contrast. The SP-STM contrast observed on MnO 2 chains can semi-quantitatively be understood by assuming an AFM coupling along the chain and a chiral 120
• coupling between adjacent chains. This spin configuration which leads to a (9 × 2) magnetic unit cell is schematically sketched in Fig. 3a . As mentioned above the AFM Mn-Mn intra-chain coupling can directly be concluded from the doubling of the periodicity in SP-STM as compared to spin-averaged data (a Ir ) (cf. Fig. 2c ). To also explain the corrugation amplitudes and their phase we need to consider that the magnetic corrugation in SP-STM, ∆z SP , depends on the cosine of the angle θ included between the magnetization directions of the tip and the sample,
with P t and P s being the spin polarization of tip and sample, respectively. The expected magnetic contrast can be deduced from the scheme in Fig. 3b . It represents three sample magnetization directions which are rotated by 120
• to another as symbolized by colored arrows. According to Eq. 1, ∆z SP is given by the projection of the sample magnetization onto the tip magnetization. Therefore, the maximum ∆z SP is expected for a sample magnetization which is almost collinear to the tip magnetization (represented by the black arrow). As symbolized by the lightly colored triangle this condition is fulfilled for the blue arrow in Fig. 3b (offset by angle θ) . In this situation it is unavoidable that the projection of the other two arrows points into the direction opposite to the black arrow. This can also be verified by inspecting the right part of Fig. 3b where we plot three cosine functions shifted by 120
• .
In other words, from the fundamental principles of SP-STM it follows that (i) whenever we obtain a large contrast on one AFM spin chain the other two chains with spin quantization axes rotated by ±120
• must exhibit a magnetic corrugation which is phase-shifted with respect to the high-contrast row. Furthermore, (ii) even if θ is relatively small, one of the ±120
• -rows exhibits a much lower magnetic contrast since the cos θ term in Eq. 1 is close to zero. As marked by a grey box in Fig. 3b , the corrugations measured in Fig. 2b can nicely be explained by a tip which is rotated by θ = (10 ± 5)
• with respect to the (blue) domain.
As discussed in detail in the Supplementary Note 3 we have performed various SP-STM measurement to identify the spin orientation of the MnO 2 chains. Fig. 3c shows Our results show that the DMI is largest for a spin spiral with q = 1/3, i.e., the modulation vector found experimentally, lowering the total energy by about 0. unit cell can not only be recognized in our data (Fig. 2a) , but also in the data published by
Ferstl and co-workers (see Fig. 1c and indicates that some structural details or relaxation effects due to the finite size of structural domain still need to be resolved (see Supplementary Note 5).
Recent research indicates that spin-orbit coupling supports an effective spin transfer torque [19] [20] [21] which is particularly important in applications. Different mechanisms have been proposed to explain the relatively low current thresholds necessary to drive skyrmions or chiral domain walls, including inhomogeneous spin currents 19 , Rashba fields, the spin Hall effect 20 , the DMI, or a combination of the latter two 21 . We speculate that a DME-RKKY interaction-induced indirect chiral magnetic exchange may also lead to an extreme reduction of the required current density in layered magnetic structures. It remains to be investigated whether a chiral magnetic interlayer coupling as it has been observed in Dy/Y superlattices 11, 12 can also be found in other material combinations with strongly spin-orbit coupled non-magnetic spacer layers. In more general terms, DME-RKKY interaction may
give rise to rather exotic phenomena, such as chiral spin-liquid states in spin ice systems 22, 23 or the emergence of new quasiparticles due to the trapping of single electrons in self-induced skyrmion spin textures 24 .
In summary, we have investigated the intra-and inter-chain magnetic coupling of the quasi one-dimensional system of structurally ( DFT calculations Non-collinear DFT calculations were performed using the fullpotential linearized augmented plane wave method as implemented in the Fleur code 30 .
We set up a seven layer film in a (3 × 2) unit cell as described in Ref. 17 , using the local density approximation 31 with Hubbard U corrections 32 on the Mn d states (U = 2.7 eV, J = 1.2 eV). We confirmed that these values put the Mn d states about 2.2 eV below the Fermi level, in good agreement with the ARPES data presented in Fig. 1d . We used the generalized Bloch theorem to calculate the spin spiral structures and included spin-orbit coupling in first order perturbation theory to estimate the strength of the DMI in this system 33 .
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